Introduction
Adhesive interactions critically influence the organization of the cytoskeleton. Reciprocally, the cytoskeleton affects the organization and function of adhesive molecules such as integrins and cadherins. In this review, we focus on the relationship between the actin cytoskeleton and the organization of integrins. Integrins are receptors that form transmembrane links between the extracellular matrix (ECM) and the actin cytoskeleton. During the past decade, their importance as signal transducers from the ECM has been increasingly recognized. Integrins are frequently clustered into specialized adhesive structures, focal adhesions (FAs) and focal complexes, in which numerous signaling components are concentrated [1] [2] [3] . Many aspects of integrin biology have recently been reviewed [4 • -6 • ]. Here we concentrate on integrin clustering and dispersal as regulated by the cytoskeleton which, in turn, is regulated by the Rho family of G proteins. We discuss signaling pathways that feedback from integrins to modulate the cytoskeleton, and consider how the state of the actin cytoskeleton controls the organization of ECM.
Cytoskeletal clustering of integrins
Integrins that are not bound to ECM ligands are generally distributed diffusely over the cell surface and appear not to be linked to the actin cytoskeleton. Association with the actin cytoskeleton is induced upon binding of ECM ligands [7] [8] [9] . Depending on the state of cytoskeletal organization, this can lead to clustering of integrins into FAs or focal complexes. FAs are large integrin aggregates found at the ends of prominent bundles of actin filaments (stress fibers). Both stress fibers and FAs are regulated by the GTP-binding protein RhoA. Focal complexes are smaller integrin clusters that occur at the tips of filopodia or lamellipodia, with these structures being under the control of the Rho family members Cdc42 and Rac, respectively [10 • ]. Rho family proteins function as 'molecular switches' that cycle between an inactive GDP-bound state and an active GTP-bound state. In general, these proteins have a low intrinsic GTPase activity. Cycling of nucleotides is regulated by interacting proteins, including guanine nucleotide exchange factors (GEFs), GTPase activating proteins (GAPs) and guanine nucleotide dissociation inhibitors (GDIs). The regulators of RhoA, Rac and Cdc42 activity have been reviewed in great detail [11 • ,12 • ].
Much effort has been directed towards understanding how these Rho family GTPases organize actin and the associated distribution of integrins. More is known about how RhoA stimulates assembly of stress fibers and FAs than is known about Rac-or Cdc42-induced focal complex assembly. Separate lines of investigation have converged to reveal that RhoA stimulates actomyosin-based contractility and that this contractility contributes to the assembly of stress fibers and FAs [3, 13] . RhoA•GTP binds to and activates several serine/threonine kinases. One of these, known variously as Rho-kinase, ROCKII and ROKα (closely related to p160ROCK/ROKβ), phosphorylates and inhibits myosin phosphatase, resulting in elevated myosin light chain (MLC) phosphorylation [14] (Figure 1a ). In turn, MLC phosphorylation promotes both myosin filament assembly and actin-activated myosin ATPase activity [3] . These effects result in bundling of actin filaments and tension being transmitted to integrins via their associated actin filaments. Both bundling and tension will cluster integrins that are linked to actin [15] . Rho-kinase may also phosphorylate MLC directly [16] (Figure 1a ), but some evidence supports the idea that the primary action of Rho-kinase is to inhibit myosin phosphatase (M Parizi, JJ Tomasek, personal communication). Constitutively active Rho-kinase induces the assembly of stress fibers and FAs [17,18 • ,19 • ], supporting this model; however, the organization of these structures induced by Rho-kinase is often different from that seen in normal cells, suggesting that other pathways downstream from RhoA may also contribute to their assembly and/or organization. One possibility is RhoA-activation of phosphatidylinositol (PI)-5-kinase to elevate PI 4,5-bisphosphate (PIP 2 ) levels [20] . PIP 2 induces a conformational change in vinculin [21, 22] and ERM (ezrin-radixin-moesin) proteins [23, 24] exposing binding sites for actin and other proteins that may be important in FA assembly.
The clustering of integrins into focal complexes induced by Rac and Cdc42 is less well characterized. Whether myosin is involved has not been established. One downstream target of both Rac and Cdc42 is PAK, a serine/threonine kinase implicated in the development of focal complexes [25] . PAK phosphorylates and inhibits the myosin light chain kinase (MLCK) -an enzyme that regulates myosin activity [26 • ] -and this might indicate that myosin is not involved in the assembly of focal complexes. A different conclusion has been drawn, however, from work with another kinase downstream of Cdc42, MRCK (myotonic dystrophy kinase related Cdc42-binding kinase), which directly phosphorylates the MLC [27].
The role of PAK in generating lamellipodia and/or filopodia is controversial. On the one hand, introduction into cells of an activated form of PAK induces Rac-type lamellipodia or ruffles, although this does not require PAK kinase activity [25] . Several studies, however, have shown that mutants of Rac or Cdc42 that fail to bind PAK in vitro still induce lamellipodia or filopodia, suggesting that PAK is not involved in these processes [28] [29] [30] . Recent work has offered a possible explanation for these apparently conflicting results. PAK is targeted to focal complexes and this recruitment does not require interaction with Cdc42 as it occurs in response to mutant forms of PAK that fail to 
Regulation by tyrosine dephosphorylation
The relationship between tyrosine phosphorylation and FA assembly is complex. The assembly of many of the signaling components in FAs depends on FAK activity generating specific phosphorylated sites that can bind other signaling proteins [72] ; however, assembly of the structural components of FAs can occur in the apparent absence of tyrosine phosphorylation within FAs [73, 74] . Nevertheless, many treatments that enhance tyrosine phosphorylation promote FA and stress fiber formation [3] . Conversely, agents that decrease tyrosine phosphorylation have been observed to disrupt FAs and stress fibers [3] . We conclude that although tyrosine phosphorylation promotes FA and stress fiber assembly it is not via the tyrosine phosphorylation of FA components. Evidence for upstream regulation of stress fiber and FA assembly by tyrosine phosphorylation came from Nobes et al. who demonstrated that there is a tyrosine kinase upstream of RhoA that regulates RhoA activation [75] . Although the mechanism by which tyrosine phosphorylation regulates RhoA activity is unclear, one possibility is through regulation of Rho GEFs ( Figure 2 ). Work with Vav, a GEF for Rac, provides precedent for GEFs being regulated by tyrosine phosphorylation. Vav is a substrate for the nonreceptor tyrosine kinases Lck [76, 77] . The interpretation of these results has often been that the decreased tyrosine phosphorylation of FA proteins causes the disruption. In light of the previous discussion, however, we would suggest that the critical dephosphorylation is upstream of RhoA, resulting in decreased RhoA activity, and that in the case of growth factors, the dephosphorylation of FA components is a consequence rather than a cause of disassembly.
Cells deficient in the PTP Shp-2 display decreased spreading and migration, but increased FAs [85 • ]. With respect to the increased FAs, again our interpretation is that Shp-2 [98] , associates with Trio, which contains GEF activity for both RhoA and Rac [99] . Similarly, PTPL1 interacts with PARG1, a GAP for RhoA [100] .
Regulation by nonreceptor tyrosine kinases
In the preceding section, we argued that tyrosine phosphorylation of FA proteins does not contribute to FA assembly, other than in the recruitment of signaling components. 
Regulation by extracellular matrix proteins
Several ECM proteins (thrombospondin, tenascin-C and SPARC) are enriched at sites of wound repair where cell migration is normally induced (reviewed in [106,107 • ] ). These proteins stimulate migration and have been shown to promote disassembly of FAs and stress fibers [108, 109] ; however, it should be noted that the anti-adhesive effects of these proteins do seem to be variable and contextdependent. A role for cGMP in the action of thrombospondin and tenascin has recently been established [110] , whereby this cyclic nucleotide is required for the interaction of specific regions of these proteins with cells. Recent work has implicated PI3K in thrombospondin-mediated effects on FAs and stress fibers [111 • ]. Decreases in adhesion are required for cells to be able to migrate; therefore, these anti-adhesive matrix proteins may contribute to efficient cell migration during wound repair.
Regulation of integrin distribution by microtubules and intermediate filaments
Most of the work studying the relationship between the Rho family of GTPases and the cytoskeleton has been aimed at understanding their control of actin organization; however, Rho has significant effects on the two other major filamentous systems, microtubules and intermediate filaments.
Microtubules have long been known to affect the adhesion of fibroblasts as well as various aspects of fibroblast migration. Inhibitors of microtubule polymerization decrease the rate of fibroblast spreading [112] , decrease protrusive activity of the leading edge [113] , and result in a loss of polarized migration [114] . Spreading, protrusion and polarized migration are also regulated by members of the Rho family, suggesting that the state of microtubules may affect these GTPases. Consistent with this hypothesis, microtubule depolymerization enhances cell contractility and the assembly of stress fibers and FAs [115] [116] [117] [118] [128] . Introduction of constitutively active ROKα induces the collapse of intermediate filaments, similar to their collapse induced by microtubule depolymerization [127 • ]. Interestingly, the collapse of vimentin filaments to a condensed aggregate next to or around the nucleus in response to microtubule depolymerization has been shown to depend on force generated by actin-myosin interaction [129] . ROKα (Rho-kinase) stimulates contractility (see above), suggesting that the collapse of the vimentin filamentous network is the result of the combined effects of vimentin phosphorylation and enhanced contractility. Vimentin phosphorylation may disconnect these filaments from their close association with microtubules, because microtubules remain extended even as vimentin condenses. The significance of the vimentin collapse in response to RhoA activation is not clear.
Integrin feedback to cytoskeletal reorganization
In studying the activation of Rho family GTPases most attention has been focused on the actions of soluble factors such as bioactive lipids, peptides and growth factors. Several studies, however, have begun to reveal that integrin-mediated adhesion can itself activate these GTPases (Figure 3 ). Long before Rho GTPases were identified, it was known that adhesion to ECMs induced extensive filopodia and membrane ruffling. These cytoskeletal/membrane protrusions are now recognized as the hallmarks of Cdc42 and Rac activation respectively, leading to the prediction that integrin-mediated adhesion activates these small G proteins (Figure 3 How might integrin-mediated adhesion activate Rho family GTPases? GEFs are obvious targets because these mediate Rho family activation. With increasing numbers of GEFs being identified [12 • ], the challenge is to determine which ones are involved in response to integrin-mediated adhesion. In addition, it will be important to determine which signaling molecules downstream from integrins lead to GEF activation. One candidate for a role in integrinmediated activation of Rho family GEFs in response to adhesion is Cas. Cas binds FAK [133] , is a substrate for Src [134] and becomes tyrosine phosphorylated in response to integrin-mediated adhesion [135] [136] [137] . Cas also binds Crk, an SH2/SH3-containing adaptor protein that interacts with C3G, a GEF for Ras and Rap1 [138] . 
Cytoskeletal regulation of matrix assembly
There is a close relationship between the organization of the ECM and the actin cytoskeleton. This has been most studied with fibronectin (FN). Not only is there a parallel distribution of FN fibrils on the cell surface with submembranous bundles of actin filaments and FA proteins but disruption of microfilaments with agents such as cytochalasin leads to a parallel disruption of the fibrillar FN matrix on the outside [148] . Clues as to why ECM organization depends on cytoskeletal integrity have been provided recently. FN matrix assembly is promoted by serum and Mosher's group has identified the critical ingredient in serum as LPA [149] . LPA is a lipid that stimulates RhoA activity, as well as initiating other signaling pathways.
Inhibiting RhoA activity or actin-myosin interaction was shown to prevent FN matrix assembly leading to the suggestion that it is the tension generated by the cytoskeleton that contributes to the assembly of a FN fibrillar matrix [120 
Conclusions
Much has been learned about how RhoA stimulates integrin clustering into FAs and the role of myosin-mediated contractility in this process. In contrast, much less is known about the clustering of integrins into focal complexes in response to Rac and Cdc42. The crosstalk between Rho family GTPases appears more and more complicated. In some situations, Cdc42 and Rac activate RhoA, but the actions of RhoA are often antagonistic to Rac and Cdc42. Downstream effectors for Rac and Cdc42 have been identified that inhibit the development of stress fibers and FAs induced by RhoA. Understanding the functions of the many effectors of these GTPases will be a challenge for the future, as will be the unraveling of their complex interactions.
Many different factors have been identified that promote disassembly of FAs and dispersal of integrins. For some of these factors, progress has been made identifying the signaling pathways involved. Interestingly, several of them converge on the regulation of myosin activity and result in inhibition of contractility. Not only do Rho family proteins regulate the state of the actin cytoskeleton but recent work has demonstrated that these proteins also regulate microtubules and vimentin intermediate filaments. In addition, the state of microtubule polymerization affects the activity of RhoA.
An exciting development in the field has been the recognition that integrin-mediated adhesion itself triggers activation of Cdc42, Rac and RhoA. With increasing numbers of GEFs being identified for Rho family GTPases, another challenge will be to identify which GEFs are activated in response to integrin ligation. We anticipate that adhesion-mediated regulation of Rho family GTPases will play an important part in the complex process of cell migration.
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